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A B S T R A C T
Background: A common control condition for transcranial magnetic stimulation (TMS) studies is to apply
stimulation at the vertex. An assumption of vertex stimulation is that it has relatively little influence over
on-going brain processes involved in most experimental tasks, however there has been little attempt to
measure neural changes linked to vertex TMS. Here we directly test this assumption by using a concur-
rent TMS/fMRI paradigm in which we investigate fMRI blood-oxygenation-level-dependent (BOLD) signal
changes across the whole brain linked to vertex stimulation.
Methods: Thirty-two healthy participants to part in this study. Twenty-one were stimulated at the vertex,
at 120% of resting motor threshold (RMT), with short bursts of 1 Hz TMS, while functional magnetic res-
onance imaging (fMRI) BOLD images were acquired. As a control condition, we delivered TMS pulses over
the left primary motor cortex using identical parameters to 11 other participants.
Results: Vertex stimulation did not evoke increased BOLD activation at the stimulated site. By contrast
we observed widespread BOLD deactivations across the brain, including regions within the default mode
network (DMN). To examine the effects of vertex stimulation a functional connectivity analysis was
conducted.
Conclusion: The results demonstrated that stimulating the vertex with suprathreshold TMS reduced neural
activity in brain regions related to the DMN but did not influence the functional connectivity of this network.
Our findings provide brain imaging evidence in support of the use of vertex simulation as a control con-
dition in TMS but confirm that vertex TMS induces regional widespread decreases in BOLD activation.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
Introduction
TMS has been widely used in neuroscience by producing a mag-
netic field to generate electrical current in the brain [1]. TMS can
establish a causal relationship between brain and behaviours non-
invasively by stimulating a specific region and observing TMS induced
behavioural changes in measures such as reaction time or accura-
cy. Researchers have used different control conditions to ensure that
the changes in performance are indeed caused by TMS rather than
some general factor such as arousal, attention, or the alerting re-
sponse to the sound of the TMS. One of most common control
conditions is to use ‘sham stimulation’. Sham stimulation involves
placing the coil away from the scalp [2]. However, a disadvantage
of sham stimulation is that it cannot produce the same sensation
as experienced when receiving active TMS stimulation. Specifical-
ly, when a TMS pulse is discharged, it generates a click sound and
a skin sensation is induced by the magnetic field under the coil.
An alternative control condition that is commonly used in the
TMS literature is to deliver active stimulation to a brain region that
is selected as a control site. This site is invariably assumed to play
no active role in the particular brain function under investigation,
and the vertex is very often chosen for this reason [3–6]. Stimulat-
ing a control site provides the same sound and the same scalp
sensation as TMS stimulation to the targeted region but is assumed
to have no functional significance. In particular, the assumption of
vertex stimulation is that it does not influence on-going processes
involved in task performance. However, there has been little direct
evidence to test this assumption. Previous studies using vertex stim-
ulation as their control site have reported task performance changes
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caused by TMS to the target region but no such changes when the
vertex was stimulated [4–9]. This is not a direct test of the assump-
tion that vertex stimulation does not lead to significant changes in
brain activation.
In 1999, Bohning and colleagues demonstrated that it is tech-
nically feasible to combine TMS with fMRI recording [10]. By
combining TMS with fMRI it is possible to examine how TMS in-
fluences the pattern of brain activity in terms of the fMRI BOLD
signal. Recent studies using concurrent TMS/fMRI have shown that
TMS over primarymotor cortex (M1) can evoke BOLD signal changes
at the stimulation site and at a number of other remote brain areas
[10–16].
In the current study we tested the assumptions underlying the
use of vertex stimulation as a control condition in TMS studies. Spe-
cifically, we investigated how vertex stimulation affects neural activity
through the whole brain using concurrent TMS/fMRI. We also ex-
plored the differing effects of coil orientation over vertex with two
orientations, 0° and 180°. To contrast the effects of vertex stimu-
lation, we applied TMS to the left M1 as a control site, and compared
the observed patterns of brain activity between these two regions.
Finally, based upon our fMRI results, we defined a brain network
related to the TMS stimulation and examined the effects of TMS on
the functional connectivity within this network.
Methods
Participants
Thirty-two healthy adults (6 males; mean age 25 ± 8 years, range
19–30 years, right-handed) participated in the experiment. Twelve
participants (3 males; mean age 25 ± 8.3 years, range 20–28 years,
one left handed female) performed the experiment when the coil
orientation was upright, 0°, and nine subjects (3 males; mean age
25 ± 3.3 years, range 19–30 years) were recruited for the experi-
ment in which the coil orientation was inverted, 180°. Eleven healthy
right-handed adults (3 males; mean age 25 ± 3.1 years, range
19–30 years) participated in the experiment in which TMS stimu-
lation was delivered to the left primary motor cortex (M1) as a
control site. Handedness was assessed by the Edinburgh handed-
ness inventory [17]. All participants had provided informed written
consent in advance of the study. The experiment was approved by
a local Research Ethics Committee.
Experiment design and procedure
Before the experiment, we measured each participant’s RMT
outside of the MRI scanner. There were three fMRI experiments, the
vertex stimulation (0° and 180°) and the left M1 stimulation. We
used a block fMRI design comprising of 18 blocks (9mins). Each block
included a TMS phase (11 s in length) and a No-TMS phase (19 s in
length). The occurrence (i.e., temporal onset) of the 11 s sequence
of TMS pulses was randomized within each 30 s block. In the TMS
phase, 12 pulses of 1 Hz TMS, at 120% of individual RMT, were
applied over the vertex or the left M1. All participants were in-
structed to keep their limbs relaxed through the experiment. The
experimental design and procedure is illustrated in Fig. 1.
The following should be noted with respect to the TMS proto-
col used within our study. We delivered TMS in short 11 s trains
during which a single supra-threshold TMS pulse was delivered one
each second. This was then followed by a substantial period of no
TMS. However, this does not imply that our protocol is an rTMS pro-
tocol as commonly conceived. Specifically, it should not, for example,
be viewed as an instance of ‘intermittent 1Hz rTMS’. First the number
of TMS pulses delivered in our study is far less than that typically
observed in 1 Hz rTMS (i.e. 120 pulses vs. 600 pulses in a 10minute
period). Second, we carried out extensive pilot testing, outside of
the MR scanner, prior to our study to determine if our TMS proto-
col led to any post-stimulation changes in cortical excitability
consistent with an rTMS protocol and it did not. For this reason we
take the view that our stimulation protocol is best viewed as a set
of single TMS pulses and not an rTMS protocol.
Magnetic resonance imaging (MRI)
MRI was performed at the Sir Peter Mansfield Magnetic Reso-
nance Centre (University of Nottingham) using a Philips 3.0-T scanner
equipped with a 6-channel head coil with a detachable front part
and a large diameter that provided sufficient space to accommo-
date the TMS coil (Nova-medical Head Coil outer diameter: 352mm;
inner diameter: 300 mm; and length 330 mm).
Functional images were obtained using single-shot echo planar
imaging (EPI) sequence (repetition time (TR)/echo time (TE) = 2000/
35 ms, flip angle 90°, 30 slices, matrix = 64 × 64, 3 mm3 resolution).
Anatomical images were acquired using 3DMP-RAGE sequence (TR/
TE = 8.278/2.3ms, flip angle 8°, matrix = 192 × 192, 1mm3 resolution)
covering the whole brain. During scanning all participants wore ear-
plugs with head cushioning using tightly-packed foam inserts to
prevent head-movement.
Transcranial magnetic stimulation
A Magstim Rapid2 TMS stimulator (Magstim Company, UK) was
used to generate TMS pulses with a MR-compatible figure-of-
eight coil (70 mm outer wing diameter). In the vertex stimulation
condition, the coil was positioned at the vertex [location Cz as
Figure 1. Experimental design and coil locations. Top: in the experiment, there were
18 blocks and each block (30 s) consisted of a TMS phase (11 s) and a No-TMS phase
(19 s). Middle: Synchronisation of TMS and fMRI. The figure shows one EPI acqui-
sition consisting of 30 slices. In 1 s, half of the slices are collected leaving a 200 ms
gap. The TMS pulse is applied in the gap after the first slice acquisition. Bottom: (left)
the vertex TMS coil positioned upright, (middle) the vertex TMS coil positioned in-
verted, (right) left M1 TMS.
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measured by the international 10–20 system [18]]. In the leftM1 stim-
ulation, the coil was centred over the optimal scalp site for eliciting
muscle twitches in the first dorsal interosseous (FDI) muscle of the
right hand and was oriented perpendicular to the central sulcus at
a 45° angle from the mid-sagittal line approximately (see Fig. 1).
Individual resting motor threshold (RMT) was measured using
the following steps. First, a series of single TMS pulse were applied
to identify the optimal scalp site for eliciting a muscle twitch in the
right FDI muscle. Second, once identified this site was stimulated
by changing the intensity of TMS pulses, and threshold was defined
as the minimum stimulator output that induced observable muscle
movements in five of ten TMS pulses. The mean value of each ind-
ividual’s RMT was 72%, ranging from 58% to 86%.
A plastic coil holder, placed next to the MRI head coil, was used
to position the TMS coil. The coil positions and thresholds were re-
checked after the participant was positionedwithin theMRI scanner.
Synchronisation TMS and fMRI
Previous studies have demonstrated that if, during the acquisi-
tion of MR images, a period of at least 100 ms elapses after each
TMS pulse, then subsequent MR images are reliably distortion free
[10]. In our paradigm, echo-planar images (30 slices) were ac-
quired in 2 s. Half of these slices were collected in an initial period
of 800ms and acquisition of the second set of slices started 200ms
later. Therefore, to avoid distorted images, we applied a TMS pulse
850 ms after the acquisition of the first slice in the EPI. This syn-
chronisation provided a gap 150ms between the TMS pulse and the
subsequent slice acquisition (Fig. 1), which allowed for unper-
turbed EPI. An in-house Matlab (R2006b) programme was used to
synchronise TMS pulses and EPI signal.
Data analysis
SPM5 software (Wellcome Department of Imaging Neurosci-
ence, UK) was used to analyse the fMRI data. For each individual,
the functional images were realigned, co-registered with the ana-
tomical image, spatially normalized to the Montreal Neurological
Institute (MNI) space, and spatially smoothed using a Gaussian kernel
(8 mm, full-width half-maximal). Individual contrast images were
calculated using a general linear model (GLM) in SPM5. A design
matrix was defined comprising of the TMS condition and No-TMS
condition. T-contrast images were then defined for each partici-
pant and the data were analysed at the group level using a random-
effects analysis. The contrast images were entered into a one sample
t test for the experimental conditions (TMS vs. No-TMS and No-
TMS vs. TMS) and the contrast images of each experiment (Vertex
stimulation vs. left M1 stimulation) were entered into a two samples
t test for the experimental conditions (TMS vs. No-TMS and No-
TMS vs. TMS). A conjunction analysis was conducted to identify brain
areas related to the vertex stimulation regardless of the coil orien-
tation. Statistical significance was set to an initial height threshold
of p ≤ 0.005 (uncorrected, Z ≥ 3) and the resulting statistic images
were assessed for clusters comprising twenty or more simultane-
ously activated voxels.
Functional connectivity analysis
Based on the fMRI results, we identified the default mode network
(DMN) andmotor network (MN) as those resting state networks pri-
marily affected by TMS stimulation. Using the Functional Connectivity
(CONN) Toolbox (http://web.mit.edu/swg/software.htm) we per-
formed a functional connectivity analysis. For the DMN, four regions
were found in the conjunction analysis that included: medial frontal
gyrus (MFG), posterior cingulate cortex (PCC)/Precuneus, and
bilateral inferior parietal lobule (IPL). For the MN, regions of inter-
est (ROIs) were defined for M1 bilaterally. Connectivity analysis for
fMRI BOLD signals between ROIs provided ROI-to-ROI connectiv-
ity estimates for the experimental conditions (TMS and No-TMS).
At the individual level, head movements were also entered as a re-
gressor variable. Before averaging individual data, all voxels were
filtered using a band pass filter (0.01 < f < 0.08) to decrease the effect
of low-frequency drift. The CompCor strategy implemented in the
toolbox removed several sources of noise from white matter and
cerebral fluid voxels. Functional connectivity (Fisher’s Z-transformed
Pearson correlation coefficient) among ROIs was averaged for each
network.
Results
There were no reports from any participant of any discomfort
encountered during the experiment.
Vertex stimulation
TMS over the vertex produced no significant regions of in-
creased activation throughout the whole brain regardless of the coil
orientation. By contrast, we found significant deactivations in con-
tralateral (right) M1, the right precuneus, right SPL, right primary
sensory cortex (S1), bilateral superior frontal gyrus (SFG), medial
frontal gyrus (MFG), left inferior frontal gyrus (IFG), left S1, and cin-
gulate gyrus when the coil was applied at 180°. When the coil was
positioned upright (0°), there were strong deactivations in themiddle
frontal gyrus (MFG) and cingulate gyrus SG, occipital gyrus, pre-
cuneus and caudate nucleus.
To identify the effect of vertex stimulation regardless of the coil
orientation we conducted a conjunction analysis. The results dem-
onstrated that vertex stimulation induced significant deactivations
in the MFG, anterior and posterior cingulate gyri, inferior parietal
lobe (IPL) culmen, cuneus, and precuneus at the level of p < 0.05 (FWE
corrected). These regions are associatedwith the DMN [19,20]. Again,
there were no regions of significantly increased activation induced
by vertex TMS. All results are illustrated in Table 1 and Fig. 2.
Vertex stimulation vs. left M1 stimulation
TMS delivered to the left M1 compared to the vertex stimula-
tion revealed significant increases in BOLD activation within the left
M1, left SII (operculum), left supplementary motor cortex (SMA),
cingulate gyrus, and right S1, and significant deactivations in the
right precuneus and SPL (Table 2 and Fig. 3).
Functional connectivity analysis
The fMRI results demonstrated that vertex stimulation evoked
significant deactivations in brain regions related to the DMN and
that left M1 stimulation induced brain activity changes in regions
related to the MN. To examine the effect of TMS on the DMN and
MN networks, we employed a functional connectivity analysis. A
repeated-measures ANOVA was used with network (DMN vs. MN)
and stimulation (TMS vs. No-TMS) as within-subject factors and
group (vertex vs. M1) as a between-subject factor. The ANOVA re-
vealed significant main effects of network (F1, 26 = 14.14, p = 0.001)
and group (F1, 26 = 6.88, P = 0.014) and a significant 2-way stimula-
tion × group interaction (F1, 26 = 4.99, P = 0.034). Finally, the ANOVA
revealed that there was also a statistically significant 3-way stim-
ulation × network × group interaction (F1, 26 = 4.20, p = 0.05). All other
main and interaction effects were not statistically significant.
To examine the basis of this 3-way interaction, two separate
mixed ANOVAs were conducted for each network with stimulation:
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(TMS vs. No-TMS) a within-subject factor and group; (vertex vs. M1)
a between-subject factor. Results are illustrated in Fig. 4. The ANOVA
for the DMN revealed that therewas a significantmain effect of group
(F1, 26 = 8.63, P = 0.007) but no significant main effect of condition
or a group × condition interaction (p > 0.05).
The ANOVA for the MN revealed that there was a statistically sig-
nificant group × condition interaction (F1, 26 = 5.20, p = 0.031). This
effect was further analysed using post-hoc t tests that confirmed that,
when TMS was applied to the left M1, there was a significant in-
crease in the functional connectivity of the MN (t = 3.36, p < 0.05)
which was likely driven by the cortico-cortico disinhibition [21]. This
effect was not observed following vertex stimulation.
Discussion
Vertex stimulation has often been used as a control condition
in TMS experiments based upon the assumption that TMS deliv-
ered to the vertex has little or no effect on behaviour. Here, we
investigated the neural correlates of vertex TMS stimulation using
a concurrent TMS/fMRI paradigm that allowed us to investigate
changes in the fMRI BOLD signal across the whole brain evoked by
short-bursts of TMS. Our findings demonstrated that while there
were no significant increases in BOLD activation induced by vertex
stimulation using suprathreshold TMS, we nevertheless found that
the vertex stimulation evoked significant deactivations across wide-
spread brain areas, including: theMFG, ACC/PCC, IPL, culmen, cuneus,
and precuneus. Many of these areas are associated with the DMN
[19,20,22] which shows a pattern of task-related decrease in pre-
cuneus, ACC/PCC, medial prefrontal cortex (mPFC) and IPL. Many
researchers have suggested that the DMN is involved in internally
focused tasks including: autobiographical memory retrieval, self-
related thinking, and consciousness [19]. Our findings indicate that
vertex stimulation decreases activation within the DMNwhich may
be attributed to a by-product of TMS. Specifically, TMS produces a
skin sensation to the skull together with a loud ‘click’ sound that
is delivered with the TMS pulse. It is likely that these additional
sensory responsesmay capture the participant’s attention evenwhen
at rest, leading to an interruption of the self-related thinking and
Figure 2. Brain areas that showed significant deactivation following vertex stimulation. (A) Inverted coil orientation; (B) upright coil orientation; (C) conjunction analysis
(p < 0.05, FWE). M1: primary motor cortex; S1: primary sensory cortex; SPL: superior parietal lobe; IPL: inferior parietal lobe; SFG: superior frontal gyrus; MFG: medial
frontal gyrus; IFG: inferior frontal gyrus; SOG: superior occipital gyrus; MOG: middle occipital gyrus; ACC: anterior cingulate cortex; PCC: posterior cingulate cortex.
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consciousness attributed to the DMN. It is of interest however that
the functional connectivity analysis revealed that vertex stimula-
tion showed relatively higher functional connectivity of the DMN
than the M1 stimulation group. As the M1 stimulation with supra-
threshold TMS evoked additional muscle movements in the
contralateral hand, it may demand more attention or processing re-
sources leading to decreased functional connectivity in the DMN
generally. It is also of interest that we found no effect of vertex stim-
ulation on the DMN functional connectivity. It seems contradictive
to the increased deactivations of DMN observedwhen TMS is applied
at the vertex. Further studies may be required to investigate this
issue. Overall, our finding of no increased fMRI BOLD activity as-
sociated with vertex stimulation is broadly consistent with the
assumption that vertex stimulation does reliably not influence on-
going task performance. However, we acknowledge that further
studies may be needed to investigate this issue: particularly studies
that investigate the influence of vertex stimulation on the perfor-
mance of cognitive tasks.
The effects of vertex stimulation compared toM1 stimulation also
replicated previous findings using brain imaging. Specifically, pre-
vious studies that have stimulated the motor cortex using TMS,
combined with brain imaging (fMRI/PET), have shown significant
BOLD signal changes to both the targeted (ipsilateral) M1/S1, SMA,
ACC and to the contralateral M1/S1 and parietal cortex [11,14,23,24].
Our data demonstrated similar findings, with increased activation
observed within the stimulated M1/SI, SMA, ACC and also deacti-
vation within the SPL when the left M1 was stimulated (in
comparison to vertex stimulation).
In the MN, we observed the strong effect of M1 stimulation gen-
erating a disinhibition between respective M1 regions [21]. However
vertex stimulation did not influence MN activation. The results from
the functional connectivity analysis support the vertex stimula-
tion assumption by demonstrating that there were no observed
changes caused by the vertex stimulation. Although the vertex stim-
ulation evoked significant changes in regional activity, the effect failed
to influence the network level. The inter-regional connectivity re-
flecting fluctuations across the time was not disturbed by the vertex
stimulation. Therefore, our findings support the use of vertex stim-
ulation as a control condition.
Table 1
Inverted/upright coil orientation (p < 0.005, unc) and conjunction analysis (p < 0.05,
FWE) of the vertex stimulation. BA: Brodmann’s area.
Cluster BA Coordinates Z-score p Value
x y z
Inverted coil orientation
M1 148 4 39 −12 57 3.68 0
Precuneus 7 30 −42 45 3.57 0
SPL 7 27 −51 63 3.57 0
S1 28 42 51 −12 21 3.73 0
SFG 26 10 24 66 15 3.62 0
IFG 26 45 −48 21 9 3.62 0
SFG 55 6 −3 18 57 3.59 0
SPL 28 7 −12 −57 60 3.55 0
S1 25 1 −42 −30 57 3.36 0
MFG 35 10 0 45 −9 3.15 0.001
Culmen 32 0 −48 3 3.02 0.001
Upright coil orientation
MFG 102 8 27 27 39 4.04 0
9 30 24 27 3.46 0
Cingulate cortex 768 31 30 −63 18 3.96 0
SOG 19 −30 −84 24 3.76 0
MOG 19 −36 −75 9 3.51 0
MFG 157 6 −21 0 48 3.85 0
6 −27 9 54 3.73 0
Cingulate cortex 107 32 15 30 −6 3.76 0
MFG 10 24 66 9 3.49 0
MFG 11 9 24 −9 3.32 0
Caudate 28 9 24 6 3.63 0
SFG 49 9 −15 36 33 3.5 0
Cingulate cortex 40 24 9 18 21 3.33 0
MFG 34 9 6 57 39 3.09 0.001
MFG 28 46 −36 27 21 3.02 0.001
Precuneus 21 7 0 −63 51 2.97 0.001
Conjunction analysis
Cuneus 45 19 −24 −87 24 6.48 0
−15 −87 24 5.81 0
Precuneus 31 −24 −78 27 5.31 0
Culmen 59 3 −51 3 6.16 0
Cingulate cortex 29 9 −45 15 5.38 0
MFG 37 10 3 48 −9 5.61 0
9 54 −9 5.45 0
Cingulate cortex 34 24 0 27 18 5.6 0
32 0 24 27 5.38 0
Table 2
The results of M1 stimulation (p < 0.001, unc).
Region Cluster BA Coordinates Z-score p Value
x y z
Activation
Cingulate cortex 228 24 −9 −3 33 4.38 0
32 9 15 33 3.47 0.001
Cingulate cortex 25 24 18 −12 39 3.43 0
S1 3 27 −21 39 3.27 0.001
SMA 6 −3 0 48 3.22 0
STG 97 22 −51 −45 15 3.4 0
OP1 −30 −30 21 3.36 0
−42 −39 18 3.2 0.001
M1 108 6 −21 −18 63 3.34 0
4 −30 −18 48 3.3 0
Deactivation
SPL 50 7 24 −66 45 3.44 0
Precuneus 19 36 −66 36 3.26 0
Figure 3. Brain areas that showed activation and deactivation for left M1 stimula-
tion compared to the vertex stimulation. Red colour indicates activation and blue
colour indicates deactivation. S1: primary sensory cortex; SMA: supplementarymotor
area; OP1: Operculum 1; M1: primary motor cortex; SPL: superior parietal lobe. (For
interpretation of the references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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The pattern of the reduction of BOLD signals was different ac-
cording to the coil orientation at the lower threshold. Thielscher and
colleagues [25] demonstrated that the coil orientation contrib-
uted to the change of the magnetic field strength and the range of
area that the field covers. The changes in the magnetic field induced
by the coil orientation may contribute to the pattern of the de-
creased activity across the whole brain.
In conclusion, this study showed using concurrent TMS stimu-
lation and fMRI whole-brain recording that vertex TMS stimulation
did not induce significant increases in fMRI BOLD activation at any
voxels throughout the whole brain. This supports the general as-
sumptions associated with vertex stimulation, specifically that this
form of stimulation does not interfere with ongoing task-related ac-
tivity. However, our results also demonstrate that the vertex
stimulation does lead to widespread changes in neural activity in
brain regions associated with the DMN, the activity of which is
known to be anti-correlated which other brain networks such as
the so-called ‘salience’ network. This suggests that vertex stimu-
lation should not be seen as entirely inert, and may not always be
the ideal control condition for studies that may involve or interact
with the DMN.
Acknowledgements
Thisworkwas supported by anMRC programme grant (G0901321)
awarded to RB and SRJ and the National Research Foundation of
Korea’sWCU (World Class University) programme funded by theMin-
istry of Education, Science and Technology (R31-2008-000-10008-0).
References
[1] Sandrini M, Umilta C, Rusconi E. The use of transcranial magnetic stimulation
in cognitive neuroscience: a new synthesis of methodological issues. Neurosci
Biobehav Rev 2011;35(3):516–36.
[2] Loo CK, Taylor JL, Gandevia SC, McDarmont BN, Mitchell PB, Sachdev PS.
Transcranial magnetic stimulation (TMS) in controlled treatment studies: are
some “sham” forms active? Biol Psychiatry 2000;47(4):325–31.
[3] Jahanshahi M, Profice P, Brown RG, Ridding MC, Dirnberger G, Rothwell JC. The
effects of transcranial magnetic stimulation over the dorsolateral prefrontal
cortex on suppression of habitual counting during random number generation.
Brain 1998;121(Pt 8):1533–44.
[4] Foltys H, Sparing R, Boroojerdi B, Krings T, Meister IG, Mottaghy FM, et al. Motor
control in simple bimanual movements: a transcranial magnetic stimulation
and reaction time study. Clin Neurophysiol 2001;112(2):265–74.
[5] Nyffeler T, Wurtz P, Pflugshaupt T, von Wartburg R, Luthi M, Hess CW, et al.
One-hertz transcranial magnetic stimulation over the frontal eye field induces
lasting inhibition of saccade triggering. Neuroreport 2006;17(3):273–5.
[6] Tomasino B, Fink GR, Sparing R, Dafotakis M, Weiss PH. Action verbs and the
primary motor cortex: a comparative TMS study of silent reading, frequency
judgments, and motor imagery. Neuropsychologia 2008;46(7):1915–26.
[7] Muggleton NG, Postma P, Moutsopoulou K, Nimmo-Smith I, Marcel A, Walsh
V. TMS over right posterior parietal cortex induces neglect in a scene-based
frame of reference. Neuropsychologia 2006;44(7):1222–9.
[8] Romei V, Murray MM, Merabet LB, Thut G. Occipital transcranial magnetic
stimulation has opposing effects on visual and auditory stimulus detection:
implications for multisensory interactions. J Neurosci 2007;27(43):11465–72.
[9] Silvanto J, Cattaneo Z, Battelli L, Pascual-Leone A. Baseline cortical excitability
determines whether TMS disrupts or facilitates behavior. J Neurophysiol
2008;99(5):2725–30.
[10] Bohning DE, Shastri A, McConnell KA, Nahas Z, Lorberbaum JP, Roberts DR, et al.
A combined TMS/fMRI study of intensity-dependent TMS over motor cortex.
Biol Psychiatry 1999;45(4):385–94.
[11] Bohning DE, Shastri A, Wassermann EM, Ziemann U, Lorberbaum JP, Nahas Z,
et al. BOLD-f MRI response to single-pulse transcranial magnetic stimulation
(TMS). J Magn Reson Imaging 2000;11(6):569–74.
[12] Bohning DE, Shastri A, McGavin L, McConnell KA, Nahas Z, Lorberbaum JP, et al.
Motor cortex brain activity induced by 1-Hz transcranial magnetic stimulation
is similar in location and level to that for volitional movement. Invest Radiol
2000;35(11):676–83.
[13] Baudewig J, Siebner HR, Bestmann S, Tergau F, Tings T, PaulusW, et al. Functional
MRI of cortical activations induced by transcranial magnetic stimulation (TMS).
Neuroreport 2001;12(16):3543–8.
[14] Bestmann S, Baudewig J, Siebner HR, Rothwell JC, Frahm J. Subthreshold
high-frequency TMS of human primary motor cortex modulates interconnected
frontal motor areas as detected by interleaved fMRI-TMS. Neuroimage
2003;20(3):1685–96.
[15] Bestmann S, Baudewig J, Siebner HR, Rothwell JC, Frahm J. Functional MRI of
the immediate impact of transcranial magnetic stimulation on cortical and
subcortical motor circuits. Eur J Neurosci 2004;19(7):1950–62.
[16] Denslow S, Lomarev M, George MS, Bohning DE. Cortical and subcortical brain
effects of transcranial magnetic stimulation (TMS)-induced movement: an
interleaved TMS/functional magnetic resonance imaging study. Biol Psychiatry
2005;57(7):752–60.
[17] Oldfield RC. The assessment and analysis of handedness: the Edinburgh
inventory. Neuropsychologia 1971;9(1):97–113.
[18] Steinmetz H, Furst G, Meyer BU. Craniocerebral topography within the
international 10–20 system. Electroencephalogr Clin Neurophysiol
1989;72(6):499–506.
Figure 4. The results of functional connectivity analysis. Black bars represent the TMS condition. White bars represent the No-TMS condition. Error bars represent the stan-
dard error. *p < 0.05.
63J.Y. Jung et al. / Brain Stimulation 9 (2016) 58–64
[19] Buckner RL, Andrews-Hanna JR, Schacter DL. The brain’s default network –
Anatomy, function, and relevance to disease. Ann N Y Acad Sci 2008;1124:1–38.
[20] Raichle ME, MacLeod AM, Snyder AZ, Powers WJ, Gusnard DA, Shulman GL. A
default mode of brain function. Proc Natl Acad Sci U S A 2001;98(2):676–82.
[21] Kujirai T, Caramia MD, Rothwell JC, Day BL, Thompson PD, Ferbert A, et al.
Corticocortical inhibition in human motor cortex. J Physiol 1993;471:501–19.
[22] Greicius MD, Krasnow B, Reiss AL, Menon V. Functional connectivity in the
resting brain: a network analysis of the default mode hypothesis. Proc Natl Acad
Sci U S A 2003;100(1):253–8.
[23] Fox P, Ingham R, George MS, Mayberg H, Ingham J, Roby J, et al. Imaging human
intra-cerebral connectivity by PET during TMS. Neuroreport 1997;8(12):2787–
91.
[24] Paus T, Castro-Alamancos MA, Petrides M. Cortico-cortical connectivity of the
human mid-dorsolateral frontal cortex and its modulation by repetitive
transcranial magnetic stimulation. Eur J Neurosci 2001;14(8):1405–11.
[25] Thielscher A, Opitz A, Windhoff M. Impact of the gyral geometry on the electric
field induced by transcranial magnetic stimulation. Neuroimage
2011;54(1):234–43.
64 J.Y. Jung et al. / Brain Stimulation 9 (2016) 58–64
